Reported values of structural parameters, vibrational fundamentals, and potential energy functions for internal rotation of n-butane and isobutane are reviewed. The selected values were used to calculate the thermodynamic properties (C~, So, (HO -H~) IT, (CO -H~) IT) in the temperature range of 0 to 1500 K by the usual statistical thermodynamic methods using the rigid-rotor and harmonic-oscillator model. Contributions of internal rotation were evaluated by the direct sum of terms containing energy levels which were calculated with a one-dimensional potential model. For internal rotation about the central C -C bond in n-butane, energy levels were approximated by two procedures. A unique potential function was assumed for each methyl rotor of n-butane or of isobutane. Top-top interactions in isobutane were approximated by the potential parameter V6 which was determined empirically by comparison with thermodynamic data. Thp. calclllatp.d and ohsp.rvp.d v::Illlp.s of hp.at c::Ip::Icitip.l'. ::Inri pntropie,; ;,lgree well within experimental uncertainties. Standard enthalpies of formation at 298.15 K for the ideal gaseous state were selected from measured values of heats of combustion and third-law enthalpies for isomerization. Corresponding values of llHr, llCr and log Kf are tabulated over the same temperature range.
Introduction
The thermodynamic properties of n-butane and isobutane were measured [1] [2] [3] [4] [5] [6] [7] [8] 1 several decades ago. The modified 'Berthelot equation of state was applied to derive the experimental values of the ideal gas thermal functions. The third law entropies of butanes at their boiling points and/or the standard temperature 298.15 K by Aston et al. [6, 7] were generally chosen as the reference data for comparison with statistical thermodynamic calculations. The theoretical calculations in the temperature range from 0 to 1500 K were made by Pitzer [9, 10] , assuming two types of carbon skeletal vibrations, three types of hydrogen vibrations, unique C -C and C -H bond distanc~s, and normal tetrahedral angles for both butanes. Since then, improved techniques and availability of high purity compounds have substantially improved the spectroscopic data [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] , the molecular structural paramet~rs [30] [31] [32] [33] [34] [35] and also the heat capacity measurements [36, 37] .
In the present study the following modifications and procedures were used to generate improved values for the ideal gas thermodynamic properties of n-butane and isobutane; (a) more reliable vibrational assignrnents and molecular structural data; (b) correction of the experimental thermodynamic data [1-'-8] for gas imperfection using the recently established h-tables of API Research Project 44 [38] ; (c) use of computer programs to generate values of reduced moments of inertia for molecules with compound rotors [39] and to generate energy levels for internal rotation [40] ; (d) use of more accurate potential energy functions for internal rotation;
n-Butane
The molecular structure of n-butane was studied by sector-micro photometer electron diffraction techniques [30] [31] [32] . The average structural parameters found were the same for trans and gauche isomers. Kuchitsu [30] obtained 67.5±1.1° for the dihedral angle, ~, defined as the angle between the two CH 2 -CH 3 bonds as viewed along the central C-C bond, .in the gauche position while Bonham and Bartell [31] obtained 63 ± 8°. Bartell and K~hl [42] analyzed their electron diffraction data calculated 61 ± 3° for the average value of ~ in several alkanes. They also obtained 173° for the angl~ between the f:-H bond in a methyl group and the C-C-C plane. However, we calculated ~= 62.34° for the gauche isomer of n-butane from the interatomic . distances reported by Bartell and Kohl. Their structural parameters have been adopted and are shown in table l. The principal and reduced moments of inertia for bottI the trans and gauche forms were calculated by the method of Kilpatrick and Pitzer l3Y ]. The calculated values are also shown in table 1. The reduced moments are given by the diagonal elements of the Kilpatrick-Pitzer D matrix when, as in this case, coupling between overall rotation and internal rotation is small, When the off-diagonal elements are removed by a similarity transformation [43] , th~ resulting diagonal elements correspond to the three torsional modes. These consist of two modes of symmetry species au and one of bg for the trans conformation, or two of type a and one of b for the gauche form.
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The torsional modes of n-butane have not been directly· observed. Table 2 lists reported values for the potential barrier to internal rotation of the methyl group Heat of formation at 298.15 K a Determined from 1.533 X 10-8 cm for the C-C bond length and 2.547 X 10-8 cm for the nearest nonbonded C ---C distanc~ [42] . The previously reported value [32] is 112.4°. b Calculated value by the assumption of a equilateral triangle formed by the hydrogen atom:; of a methyl group. e Values in parentheses were obtained before similarity transand the potential energy maximum between trans and gauche positions as derived from ultrasonic relaxation measurements [44] , by fitting of calculated thermodynamic properties to observed data [6, 9, 10, 45, 46] , and by theoretical calculations [47] [48] [49] [50] [51] . The energy difference between the gauche and trans isomers listed in table 3 has been obtained by analyses of spectral and thermodynamic data [11, 12, 42, [52] [53] [54] [55] [56] or by theoretical calculations [47-50, 57, 58] . The vibrational frequencies of n-C 4H 10 were assigned by analyses of Raman [11, 12, 15] and infrared [11, 13, 14, [16] [17] [18] [19] [20] [21] spectra. Shimanouchi [22] reviewed the reported values and selected complete sets of vibrational frequencies for both isomers. These were adopted in the present work except for the C-C stretching mode at 837 cm -1 (from theoretical calculation) and the C-C-C deformation mode at 425 cm -I (for condensed phase) of the trans isomer that. are respectively replaced by the most re~ent v::llnes of 842 and 432 cm-I from the Raman spectrum of the vapor [56] . The data for the trans isomer belonging to C 2h point group and the gauche isomer belonging to C 2 point group are tabulated in table 1.
The usual approximation of assuming that n-butane consists of one trans and two identical gauche conformational isomers in mutual, equilibrium for calculating thermodynamic properties has been followed.
The potential energy for internal rotation of each of the two methyl groups contains three equal uniformly spaced minima corresponding to the staggered positions of the hydrogen atoms and three equal maxima at the eclipsed positions. The energy levels were calculated by numerical solution of the Schroedinger eqnation with the use of the selected values of reduced moments and potential barriers listed in tables 1 and 2, respectively. For internal rotation about the central C-C bond, two approaches were made to evaluate energy levels. Method I: A potential function of three-fold symmetry was assumed for both trans and gauche isomers similar to that for the methyl groups. One-third of the energy levels were assigned to the trans conformer and two-thirds to the gauche conformer. Method II: The potential function
] simultaneously governing both trans and gauche forms was used and the vHriation of the internal rotational constant with the torsional angle 0 of the ethyl group, F (0) = F 0 + F 1 cos 0+ F2 cos 28+ F3 cos 38, was taken into account as well. The potential function also contains three minima and three maxima, but they are· not equal and not uniformly spaced. The trans position (two methyl groups on opposite sides of the central bond, C;::n point group) has the lowest minimum, V(OO) =0, and the two gauche positions have higher minima at o=± 117.66°.
Two potential energy maxima exist for the eclipsed positions at O=±61.57° between the trans and gauche positions and the highest maximum, V(l800) = V 1 + V 3 , corresponds to the eclipsed position between the two gauche positions. The parameters of Vl, V 2 and V3 listed in table 4 were calculated from the selected values of the potential barrier (table 2) and the energy difference (table 3) . between the trans and gauche isomers and of the dihedral angle of 62.34° for the gauche form. These imply that the barrier height between the two gauche positions is 943 cal mol-l higher than that between the trans and gauche positions. 2 The use of Kuchitsu's value of 67.5° [30] for the dihedral angle gives 3146 cal mol-1 for the difference in potential barriers, which seems too large in view of the. structural similarity for 2-butene, where 1200 cal mol-1 was found for the energy difference between the trans and cis forms [59] . The values of Fo. Fl. F2 and F? obtained by fitting to directly calculated values of F( 8) at several angles are also reported in table 4. The calculated energy levels below the barrier height were assigned to the trans and gauche isomers by examination of the associated wave functions. However, the energy ~evels above the barrier height were indistinguishable for both isomers and the proportions of 1/3 and 2/3 for each level were therefore assumed.
A number of combinations of potential barriers to internal rotation for the methyl and ethyl groups· was used in fitting calculated thermodynamic properties to observed values. It was found that the selected values listed in tables 2-4 led to the' best agreement with experimental entropy [6] and heat capacities [8] . As shown in table 5, the calculated C~ and So in both approaches agree with experimental values well within uncertainties of ±l percent [8] and ±0.2 cal K-I moll [6] , respectively. The third-law entropy at 272.66 K obtained by Aston and Messerly [6] is believed to be the most reliable. They also used the heat capacity data of Sage and Lacey [2] , which appear about 2 percent too low, to calculate S~98.i6 -S~72. 66 and obtained S~98.16 = 74.00 cal K-I mol-I. The use of our C~ values leads to 74.09 cal K-l mol-1 which is the saIne as the So at 290.16 K calculated by Method II. It is obvious that Method II is slightly better, particularly for calculated values at elevated temperatures. Therefore, the ideal gas thermo~ dynamic functions calculated by this approach for the temperature range of 0 to 1500 K and at 1 atm are recommended and presented in tables 6, 7 and 8 for the trans, gauche and their equilibrium mixtures, respectively. (CO -H~) IT of reference [38] for C( c) and H2(g) and of this work for n-butane, the values of t:..H], t:..Cr and log Kfin the same temperature range have been derived and listed also in table 8.
Isobutane (2-Methylpropane)
The molecular structural parameters of isobutane were derived from microwave spectra [26, 33] and calculation:::; [34, 3J] Laseu U11 det;LIU11 uiffracLion daLa of alkanes [31, 32] with microwave spectroscopic rotational. constants [33] . Of these, the parameters reported by Hilderbrandt and Wieser [35] have been adopted and listed in table 10. The principal moments of inertia were obtained from the rotational constants reported by Lide [33] and the reduced moments were calculated from the adopted structural parameters. These values are also shown in table 10. 
3851(V 3 )
Heat of formation at 298. 15 Vibrational fundamentals were primarily observed in Raman and infrared spectra [23] . The nontorsional fundamentals assigned by Wilmshurst and Bernstein [24] have been selected, except for the unobservable methyl rocking mode of symmetry species a2. The value 981 cm -1 calculated by Snyder and Schachtschneider [19] was adopted for the remaining one. In fact, the choice of the two sets of vibrational assignments [19, 24] results in very slight differences in the vibrational con-LriiJuLiom; to ideal gal:) Lhermodynamic fUIlcLions. The selected values of vibrational modes are shown in table 10.
Isobutane has three rotating methyl groups. The torsional modes give rise to an a2 fundamental and a doubly degenerate fundamental. The assignments of 22S±20 and 280±20 cm-1 , respectively, obtained from microwave relative intensity measurements [26] are in reasonable accord with the assignments of 220 and 256 cm -1 from the infrared spectrum [29] . Potential barriers to internal rotation have been obtained from thermodynamic data [7, 9, 10, 68, 69] , microwave [26] and infrared [29] spectra, and theoretical calculation [49] . Lide and Mann [26] and Durig, Craven and Bragin [29] based their analyses on the following function for the potential energy of the methyl groups as a function of the three torsional angles, </>1' </>2 and 4>3' a a
where V I is the potential barrier to rotation for an "independent" methyl group. The other V/s represent interactions' among the methyl. groups. However, it is possible to calculate only two parameters from the first two observed rotational transitions. Thus references [26] and [29] report the values of VI + 2V2 + Va and V4 + V5.
These are listed in table 11. Since V2 and Va are probably small compared to VI, the first term is approximately/ VI. If we assume that the methyl groups are independent and thus that the potential function contains cos 3cf>i terms only, we obtain 3280 and 4137 cal mol-1 for the potential barrier using the two torsional modes observed in the infrared a~d the reduced moments of inertia in table 2. However, we cannot reproduce the ,observed heat capacities and entropy of isobutane by assuming independent methyl rotation with any value of VI. We conclude that interaction among methyl groups has a significant effect on thermodynamic functions. Although the interaction between the two methyl groups in propane was studied by neutron inelastic scattering measurements [67] and the first five energy levels were calculated by an approximated solution of the Schroedinger equation, a three-dimensional model for the energy levels of internal rotation for isobutane has yet to be solved. We cannot now calculate rotational energy levels for the function (I) because we do not know the values of the V/s and we do not have means of solving the Schroedinger equation including mixed terms. As an empirical approximation we have assumed the methyl rotations to be independent. with the potential energy for each given by 2V = Va (1 -cos 3cf> ) + Vs (1 -cos 6cf» . (2) We take the value of Va=38S1 cal mol-I which is the average of 3280 and 4137, obtained from the two. torsional modes. The value of V6 was found empirically by fitting to the observed thermodynamic properties of isobutane [7, 8, 36, 37] . This is shown in table II. It was found that any value of Vs in the range of -ISO to -100 cal mol-I gave a good fit. The most recently observed values of C~ [36, 37] with uncertainties of ±O.I percent and ±0.2 percent, respectively, are in excellent agreement. The choice of -ISO cal mol-1 for Vs led to the most striking result that differences between the calculated and observed values of C~ in the whole temperature range of 243.1S to 3S3.1S K are only half of the experimental uncertainly [36, 37] , a~ ~hown in table 12. At higher temperatures up to 700 K, the calculated C~ values also fall within an experimental uncertainty of ± 1 percent [8] . Table 13 shows the experimental and calculated values of So. The third-law entropy at 261.44 K [7] is slightly lower than the calculated value. When the gas imperfection correction calculated from Berthelot equation and 'heats of fusion and vaporization [7] were replaced by the selected values of API-44 [38] , the calculated So agreed with the third-law entropy in the experimental limit ±0.10 cal K-I mol-I. Therefore, V 3 =38S1 cal mol-l and V s =-IS0 cal mol-l have been selected to calculate ideal gas thermodynamic propertics. In fact, all possible combinations of potential parameters were tested under the assumption of either a unique or two independent potential functions for the two tor,sional modes; however, no other selection would result in a better overall fit to experimental data of C~ and So, It may be interesting to note that the selected value of Vs for each of the three methyl rotors is equal to one third of the contribution of top-top interactions in isobutane estimated from microwave relative intensity measurements [26] . From the potential function of equation (2) and the calculated reduced moments of inertia we then calculated 225 and 231 cm-I for the first transition of the a2 and e species respectively. Although this calculation is in poor agreement with the spectroscopic data, we feel the above procedure provides the best values of the thermodynamic properties.
On the basis of the selected values of aRfO (298.1S, n-C 4 H lO , g) and aRio (298.1S~ n-C 4 H lO ~ iso-C 4 H lO, g) which was derived from equilibrium data [61, 62, 70, 73] , aRfO (298. IS, iso-CA,H 10 , g) was obtained to be -32.18 kcal mol-I. The calculated values of aRfO, aGfO, log Kf and other thermodynamic functions in the temperature range of 0 to 1500 K and at 1 atm are shown in table 14.
Isomerization
Values of the equilibrium constant Ki for the isomerization reaction n-C4HlO ~ iso-C4HlO at various tempera- The original value is 67.52 cal K -1 mol-I. However, the correction for gas imperfection should be 0.17 (rathoer than 0.12) cal K-l mol-l at 261.44 K, according to Berthelot equation [7] . tures were determined [61, 62, 70, 73] . From plots of log Ki against liT, the heat of isomerization DJlio was derived to be -2.32 kcal mol-1 [61] or -2.03 kcal mol-1 [62] . Both values are higher than -1.64 kcal mol-1 determined from heats of combustion [74] . Different values of IlHio obtained from experimental measurements, compilation and correlations were summarized in 
Discussion
Based on the torsional fundamentals at 254 and 223 cm-1 for the two methyl groups in solid n-C4 HlO [25] , an average value of 3343 ± 33 cal mol-1 for rhe potential barrier to internal rotation was derived from eigenvalues of the Mathieu equation. This is in accord with our selected value, 3300 cal mol-to On the other hand, the potential barrier to internal rotation about the central C~C bond was estimated with less certainty.
It is likely to be in the range of 3300 to 3800 cal mol-t , as shown in table 2. The reported values of the energy difference between gauche and trans isomers of n-C4H1o, summarized in table 3, also scatter widely. Combina-tions of various values of potential barriers (3300 ~ 3400 cal mol-1 for the methyl groups and 3400 ~ 3800 cal mol-t for the ethyl group) and the energy difference (600 ~ 995 cal mol-I) were tested in this study. The most recent value of 966 ± 54 cal mol-t for the enthalpy difference at 366 K, H;66 (gauche) -H~66 (trans), derived from intensity ratios of two neighboring pairs of Raman bands [56] , leads to 995 cal mol-t for H~(gaUChe) Hg (trana)' Thp. use of this value increases the calculated c~ by 0.30 ~ 0.32 cal K-l mol-1 and decreases the calculated So by 0.45 ~ 0.70 cal K-l mol-1 as compared to the corresponding counterparts in the temperature range of 298.15 ~ 500 K reported in table 8. A satis-. factory agreement with experimental data [6, 8] would not be reached, unless barrier heights could be substantially changed. When 600 cal mol-1 was assumed as the energy difference, the calculated values of C~ obtained were too small when compared to the observed values [8] in the low temperature range. Our calculated C~ values are in accord with the experimental data [8] and are slightly higher than those derived from a correlation scheme [66] .
We found it to be impossible to fit the experimental thermodynamic data' for isobutane listed in tables 12' and 13 with values calculated on the assumption that the three methyl rotations are independent. A rigorous solution to this problem of multirotors is beyond our reach at this time, but equation (2) which is valid for a single rotor leads to a good empirical fit. Other phe-: nomena such as anharmonic vibrations, centrifugal stretching and interactions among other internal modes may also have an effect on the thermodynamic prop erties, but they should be small for the experimental temperature range. We did not find it to be necessary to make separate empirical correction for these various types of phenomena as was done in a recent correlation [66] . 6 . Acknowledgment
